Abstract: Chalk groundwater levels typically decline markedly in response to drought, and rebound strongly when the drought breaks. Chalk streams, largely groundwater-fed, are of ecological importance but little research has been conducted on possible water-quality effects accompanying fluctuations in groundwater level. This study monitored springs, boreholes and surface water in the Pang and Lambourn catchments in southern England during a major recovery in 2006-08. Hydrochemistry, stable isotopes and age indicators were used to characterise the waters. Perennial springs showed little change in water quality over the monitoring period, and even seasonal springs soon became consistent in their hydrochemistry. A similar lack of change was observed in borehole waters and in the River Lambourn. Stable isotopes demonstrated the high degree of damping relative to rainfall inputs, while residence time indicators showed that Chalk groundwater is basically a mixture with an 'old' (pre-1950s) component of 50%. This being the case, any water quality changes due to water level fluctuations would inevitably become diluted. Therefore, although future climate predictions for southern Britain include greater extremes in rainfall and temperature, and consequently water level changes of greater amplitude, the buffering effect of the Chalk aquifer should protect the quality of Chalk springs and streams.
The quality of Chalk groundwater, especially where it issues into surface watercourses from springs, is of some importance both from amenity and regulatory perspectives. With regard to the latter, the EU's Water Framework Directive requires that "good ecological status" and "good chemical status" be maintained or restored (Kallis and Butler, 2001) . While the effects of future climate change on the water balance of southern England remain to be established in any detail, it seems likely that there will be more extremes in rainfall and temperature (Hulme et al., 2002) . Groundwater flow in the Chalk aquifer occurs very largely through the fracture porosity. The development of this is related to base level changes in response to fluctuations in sea level, resulting in discrete flow horizons separated by much less permeable layers (Butler et al., 2009 ). This heterogeneous distribution of fracture porosity and permeability means that the aquifer can exhibit major changes in water level in a short period, leading to phenomena such as groundwater flooding (Macdonald et al., 2008) and the possibility of changes in water quality. At the same time, the Chalk's high primary porosity has been viewed as having a buffering effect on hydrochemistry (Barker and Foster, 1981) .
Although groundwater drought and recovery in the Chalk have received attention in several studies, the present paper is the first to go into significant detail on the water-quality aspects of the cycle. This study addresses the effect of a major rise in water level following an anomalously dry period, primarily by detailed monitoring of a range of spring outlets during the recovery, but with supplementary borehole and river data. A range of environmental indicators has been used, including inorganic chemistry, stable isotopes and age tracers.
Background Previous work on Chalk groundwater quality
There have been various studies on the quality of Chalk streams and groundwaters. These tend to be either one-off 'snapshots' of hydrochemical conditions (e.g. Pitman, 1978; Edmunds et al., 1987; Kloppmann et al., 1998) or the long-term monitoring of nutrients or potential pollutants such as nitrate, mainly in surface waters (e.g. Boar et al., 1995; Hanrahan et al., 2003; Howden and Burt, 2008) . The former approach is useful in elucidating the processes giving rise to the characteristic hydrochemistry of the unconfined Chalk aquifer, while the latter although restricted in scope at least may cover periods in which there are large changes in water level (though these are not specifically considered). Neither approach can assess in any detail the effects of drought or recovery on the general inorganic chemical quality of Chalk stream and groundwaters.
Similarly, there have been many studies dealing with water level changes in Chalk aquifers (e.g. Cross et al., 1995; Salmon et al., 1996; Finch et al., 2004) , but these are primarily concerned with water supply during times of drought, or conversely the difficulties arising from groundwater flooding. They do not include monitoring of general inorganic water quality. Therefore the scope existed for a study that would address the question of whether major changes in groundwater level have any significant effect on Chalk groundwater quality.
Study area
The area chosen for the recovery water-quality survey comprises the catchments of the rivers Pang and Lambourn, whose hydrology is already known in some detail from the LOCAR programme , together with the adjoining north-facing scarp slope of the Berkshire Downs (Fig. 1 ). There are presently no major groundwater abstractions in the catchments and they are therefore largely free of pumping-related effects on water table elevations. A variety of springs (major, minor, seasonal: Table 1 ) were chosen to be monitored, locations as given in Fig. 1 and Table 1 , with sampling dates as shown in Fig. 2 . Further groundwater data were obtained from boreholes in the spring of 2007 and 2008 (details in Table 1 ).
Surface water monitoring was restricted to periodic sampling of the River Lambourn at Boxford (site details in Allen et al., 2010) .
While the main aim of the study was to focus on the standard hydrochemical determinands, supplementary sampling of other environmental indicators including dissolved trace gases and stable isotopes was included to assist conceptualisation of the Chalk groundwater system.
Sampling and analysis
Springs were sampled by means of a 12V mini-pump deployed as far below the water surface as possible to minimise the possibility of degassing or contamination by atmospheric gases.
Boreholes were sampled either via the installed pump (Stocks Meadow Farm, Rowbury Farm, Seven Barrows Stables), or for the remainder of the sites by a portable submersible pump.
Measurements of temperature, pH, alkalinity and dissolved oxygen (DO) were made in the field. Water samples for chemical analysis were passed through a 0.45 m filter and stored as acidified and unacidified splits in HDPE bottles. Trace gas samples were collected and stored using the method of Oster (1994) . Stable isotope samples were left unfiltered and stored in glass bottles.
Hydrochemical analysis was carried out by ICP-AES and ion chromatography. Dissolved trace gases (CFCs and SF 6 ) were determined by the method of Bullister and Weiss (1988 The biggest changes in spring water chemistry are associated with the seasonal springs, principally Upton and Lynch Wood. The former commenced flowing with elevated concentrations of Ca, Cl, SO 4 and TOC. Upton spring occurs in a gully in the middle of agricultural land so it may be that the elevated starting composition was caused by the flushing out of fertiliser or other residues (though NO 3 is not elevated). Lynch Wood on the other hand showed starting concentrations slightly dilute compared to the other springs. The woodland setting of the spring might be expected to be largely free of any agrochemicals, but the wood is relatively small and surrounded by agricultural land, so the origin of the low initial concentrations of most ions is not clear. But in the case of both Upton and Lynch Wood, initial high or low concentrations quickly flattened out and were thereafter similar to those from the other springs. Because of the wet autumn and winter conditions from November 2006 onwards, the normally seasonal springs flowed continuously to beyond the end of the monitoring period so no repeat of the flow initiation process could be measured.
Of the perennial springs, Kimber stands out as having the most elevated Na and Mg concentrations. This is likely to be due to the input of waters from the Palaeogene sediments overlying the Chalk in the Pang catchment, but as with the other springs no secular changes are apparent.
There is on the whole little distinction between scarp and valley springs in their chemical compositions. The one exception noted here is that the scarp slope springs are significantly higher in Si (Fig. 3) . For the Woolstone spring complex, which actually issues from the siliceous Malmstone (Upper Greensand) immediately below the base of the Chalk, this is not unexpected. For the remaining scarp springs, all in the Lower Chalk (Fig. 1) , the cause of elevated Si is likely to be related to the relatively high proportion of non-carbonate minerals, which in the Lambourn area are dominated by forms of SiO 2 (Morgan-Jones, 1977) .
Only one spring (Blewbury) consistently exceeded the drinking water nitrate limit of 11.3 mg/L as NO 3 -N, though the Upton spring some 1.5 km to the west equally consistently approached the limit. This presumably reflects the intensive arable agriculture of the local area.
Of the minor elements, Fe and Mn were almost always below detection and are not reported.
Of the others, there was little change in composition during the recovery (Table 2 ). Br and F were found at similar concentrations in both the valley and scarp spring groups, but there were major differences between Ba (typically 70% lower in the Scarp springs) and Sr (typically 50% higher). The reasons for particularly high Br at Jannaways and Sr at Woolstone remain unclear, though the latter may be related to the presence of zeolites in the Malmstone as recognised in the nearby Kingston Lisle Borehole (Jeans, 2006) .
Boreholes
Boreholes were sampled twice, in May 2007 and again in March-May 2008 . Data are reported in Table 3 . The results show no significant change in major or minor elements between the sampling rounds.
One of the boreholes, Barracks Farm, penetrates the saturated zone to a depth of ~90 m below water Fig. 4 . Also shown is the monthly rainfall amount for Wallingford some 30 km to the ENE, the monthly discharge of the river as measured at the gauging station at Shaw just above the confluence with the River Kennet, and the groundwater recovery record from the Bradley Wood OBH.
There was little response of the river to rainfall at the monthly scale, and also little response of river water quality to the recovery from drought. The minor species Ba, Sr, Br, F and P are not shown but showed an equal lack of response to the recovery. This was also found to be the case for dissolved organic carbon (DOC) as measured by Lapworth et al. (2009) .
Stable isotopes

Water
The δ 18 O composition of most springs for much of the time was very similar (Fig. 5a ), varying little outside measurement error. This was also the case for the boreholes (Fig. 5b) and the River Lambourn at Boxford (Fig. 5c) (1987) who monitored the river for a similar length of time some 25 years previously.
Dissolved inorganic carbon
The δ 13 C content of DIC (dissolved inorganic carbon, effectively HCO 3 -at the pH of Chalk waters) in the spring waters typically lay between -12 and -16.5‰, with an average of -14.84‰
and a standard deviation of 0.87‰. There was a tendency towards slight isotopic depletion during the two winters covered (Fig. 6a) suggesting the influence of temperature on composition. The major departure from the general trend was shown by the first sample from the Letcombe spring, which also showed the most enriched δ 18 O composition, suggesting some local perturbation in the shallow system due to the drought. River water δ 13 C values over the course of about one hydrological year were generally in the range -13 to -15‰ but peak at -11‰ in March 2008 (Fig. 6c) . The general overlap with the springs is not unexpected as the river is almost completely groundwater-fed, though it does indicate a lack of re-equilibration with atmospheric CO 2 . The mid-March peak may mark the onset of photosynthesis in the water column, which preferentially selects 12 C (Schulte et al., 2011 ).
Trace gas age indicators
The chlorofluorocarbons CFC-11 and CFC-12 together with sulphur hexafluoride (SF 6 ) were measured in groundwaters (Table 4 ). The theory behind the application of these age indicators is reviewed by Plummer and Busenberg (1999) and Busenberg and Plummer (2000) .
With well-constrained mean annual air temperature and recharge altitude, the only correction necessary for the samples is to account for the excess air which is always present to some extent in groundwater. Gooddy et al. (2006) reported an average excess air content of 2.5 ccSTP/L in groundwaters at Boxford in the Lambourn. At this relatively low concentration it is unnecessary to correct CFC values, but SF 6 concentrations do require adjustment to provide more accurate age information (Darling et al., in press ). The corrected values in Table 4 use a factor of 0.79 based on the above value for excess air. Table 5 converts the measured CFC-12 and SF 6 concentrations from Table 4 in two fundamentally different ways: firstly as a piston-flow (PF) age (i.e. assuming travel as a discrete pulse of water), and secondly as a modern fraction (i.e. the amount of young water mixing with pre-CFC or SF 6 water at least several decades old). As a dual-porosity aquifer (Price et al.1993) , the unconfined Chalk is more likely to behave in the latter way but the PF age provides at least a qualitative indication of groundwater mean residence time. Where measured concentrations of CFC-12 exceed the maximum air-equilibrated water (AEW) value of 3.0 pmol/L they result in a modern fraction value >1 and therefore cannot be used to calculate a residence time. No SF 6 concentrations exceed the AEW value and these can therefore be used to calculate apparently realistic modern fraction and residence time values (Table 5 , Fig. 7 ). Note that the AEW values for SF 6 increase slightly each year because of the steady rise in atmospheric concentration of the gas.
It is apparent from Table 5 and Fig. 7 that some springs were consistently high in CFC-12 (Kimber, Weston, Blewbury and Upton). The latter two scarp springs are situated downflow of the Harwell Science and Engineering Centre where chlorinated solvent disposal to the ground was practised for several decades (Muldoon et al., 1998) , which is a possible cause of the CFC excess. However, the CFC-12 excess was of the same order for Kimber Spring in the Pang catchment, which in this case cannot be linked to such an obvious potential source of contamination. The Chalk aquifer in general tends to suffer from varying degrees of CFC contamination (e.g. Darling et al., 2005) .
For the remaining springs, even where CFC-12 modern fractions <1 are observed for springs, minor contamination cannot be ruled out. The best agreement between CFC-12 and SF 6 was found in the more westerly scarp springs, where contamination is least likely because the catchments are small and without significant centres of population. In these springs it is the modern fraction values rather than the PF ages that match best (Table 5) .
Discussion
Water quality
The absence of significant change during water level recovery in the hydrochemistry of spring, borehole and river waters has already been noted. While it could be anticipated that borehole waters would show rather little change, spring and river waters might have been expected to show any recovery-related variations either during or soon after the recovery period. Given that monitoring for this study continued for a further year after the main recovery, it is unlikely that any moderate-to-major changes in water quality have been missed.
Comparison of the mean major ion concentrations in the four different water types (valley springs, scarp springs, river water and borehole waters) reveals a remarkably similar distribution (Fig. 8 ). This homogeneity suggests that either infiltrating recharge to the Chalk aquifer very rapidly acquires a groundwater-like composition, or that there is enough mixing within the aquifer to mask any variations in input. Notwithstanding the existence of a certain amount of 'bypass' flow in the Chalk unsaturated zone (e.g. Mathias et al., 2006) , it is known from lysimeter studies that by 5 m below ground surface, waters are well-mixed chemically and isotopically (Darling and Bath, 1988; Van den Daele et al., 2007) . This, combined with the Chalk's high porosity and a capillary fringe typically extending many tens of metres above the water table (Price et al., 1993) , implies that water quality is very largely fixed before the water even reaches the water table, except for carbonate-system effects such as the sharp rise in alkalinity observed for some springs during the early part of the recovery, perhaps related to temporarily-elevated pCO 2 due to the onset of recharge. Otherwise, the only constituents likely to rise somewhat after this point are those whose dissolution takes more time, e.g. Si from slowly-dissolving silicate minerals. The general absence of excessive nitrate concentrations in this area of the Chalk has been noted earlier. However, in many arable catchments there is a significant input of nitrate from fertiliser leading to a so called 'time-bomb' effect (Wang et al., 2012) which has been linked to a rising trend in long-term groundwater (Rivett et al., 2007; Stuart et al. 2007 ) and river concentrations (Howden et al., 2011) . Therefore with regard to nitrate, a certain amount of caution needs to be taken in extrapolating the findings of the present study to other Chalk catchments, where additional factors may require consideration (see e.g. Whitehead et al., 2006; Rivett et al., 2008) .
Groundwater flow, mixing and residence time
It has been noted above that the least solvent-contaminated waters were found in the western escarpment springs. For these springs, a co-plot of CFC-12 versus SF 6 should provide an indication of the fundamental nature of flow or mixing processes in the aquifer (Darling et al., in press ). Figure 10 shows this for Letcombe Bassett and Woolstone, the two apparently least-contaminated springs. The waters plot as an array centred on the mixing line between recent recharge and older, pre-1950s groundwater. While other modes of flow may occur under certain circumstances, it appears likely that mixing is indeed an important mechanism in governing the quality of Chalk groundwaters.
On this basis, all the spring waters are compared for their successive SF 6 modern fractions in Fig. 11a . This reveals several features. Kimber and Letcombe spring waters were most restricted in composition, suggesting that these springs are fed by large, well-mixed reservoirs of groundwater. The Kimber-Blue Pool spring complex is notable as the dominant point-source contribution to the River Pang throughout the year, while the Letcombe spring complex also has a high discharge. In contrast, the smallest outlet sampled (Weston) showed the greatest variation, followed by the seasonal springs of East Garston, Lynch Wood and
Upton. Despite these differences between springs, it may be noted that with the exception of Jannaways, all the modern fractions at the start of the monitoring period, or when the seasonal springs started flowing again, lay towards the middle of the monitoring range.
While this might be expected for the permanent springs, it is perhaps more noteworthy for the seasonal springs, where it implies that the rising water table contained water that was already well-mixed. In terms of simple mean residence times based on SF 6 concentrations ( 
Implications for climate change
It should be noted that the drought terminating in 2006 was not the most severe of recent times, that description being generally applied to the 1976 drought (Marsh et al, 2007) .
Nevertheless, the hydrograph in Figure 2 in inorganic chemical quality would be minimal (Table 3) . In any case, such a drastic lowering of the water table would be likely to cause both springs and streams to stop flowing altogether, which would be a much greater issue for "good ecological status". However,
given the forecast of greater extremes in rainfall and temperature as the climate changes (Hulme et al., 2002) , it seems more probable that there will simply be a rather greater variation in groundwater levels around something close to the present mean.
This suggests a business-as-usual scenario for Chalk groundwater quality. Only if climate change were to result in significant modifications to agricultural practices on the catchments might more profound changes in water quality be anticipated (Bloomfield et al., 2006; Green et al., 2011) .
Conclusions
A major recovery in Chalk groundwater levels has been monitored at sites in two neighbouring catchments in southern England. The intention of this study was to determine the recovery's effect on the quality of spring and river waters, as a guide to what changes in the Chalk aquifer generally could be expected under likely future climate conditions. In addition to inorganic hydrochemistry, other environmental tracers were used to better understand how the chosen catchments function. The whole dataset will provide a comprehensive baseline for future studies.
Hydrochemical changes were small, with almost identical average compositions noted for spring, borehole and river waters and no consistent indications of recovery-related change, though minor element evidence could distinguish processes at work in scarp and valley springs. Stable O and H isotopes indicated extreme damping of rainfall inputs, while minor changes in carbon stable isotopes were probably seasonal in nature.
Trace-gas residence time indicators appeared to support other lines of evidence that it is appropriate to view unconfined Chalk groundwaters as the product of mixing rather than piston flow. Springs had very consistent proportions of old groundwater mainly in the range 50-60%, even on commencement of flow after the start of the recovery, indicating the extent to which groundwater is already well mixed as water levels rise.
While the climate-change forecast for Britain is for greater extremes in rainfall and temperature, making it likely the Chalk will experience rather greater variations in groundwater level around the present mean, the results of this study suggest that the status quo in groundwater quality in the Chalk aquifer is likely to be maintained. Table 2 . Field measurements and major and minor ion chemistry of spring waters. DO -dissolved oxygen, TOC -total organic carbon. 
